The cultured skin fibroblasts from three patients with lacticacidemia were found to have low rates of 1-[14C]pyruvate oxidation in the face of normal pyruvate dehydrogenase activity. After incubation with 1 mM glucose, these three cell strains also exhibited lactate/pyruvate ratios which were three times greater than those of controls. In two of the patients, both ATP and oxygen consumption in fibroblast mitochondrial preparations was deficient with NADlinked substrates but normal with succinate and ascorbate/N'N'N'N' tetramethyl phenylene diamine. In the third patient, ATP synthesis in mitochondrial preparations was deficient with all substrates tested. Measurement of Rotenone-sensitive NADH-cytochrome c reductase in mitochondrial preparations from skin fibroblasts showed that two of the patients had 14 and 18%, respectively, of control activity. In the third patient, cytochrome oxidase activity was 15% of that in controls. We conclude that respiratory chain defects can be demonstrated in cultured skin fibroblasts with consistency using a number of different techniques. 
Introduction
Reported defects in the mitochondrial respiratory chain both in children and in adults have often been associated with chronic lacticacidemia. These defects include deficiencies of NADHCoenzyme Q reductase (1-7), cytochrome b (8-10), succinate cytochrome c reductase (1 1, 12) and cytochrome oxidase (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Many of these defects are reported as being tissue-specific in that only certain tissues, usually muscle, exhibit the enzyme deficiencies; but except for two sibs with cytochrome oxidase deficiency (24) , the deficit in enzyme activity is not demonstrable in fibroblasts. Clinical phenotypes vary from muscular weakness in adults to overwhelming lactic acidosis in infants, with a spectrum of neurological and neuromuscular presenting features in between, and it is not clear why such basic defects should exhibit such heterogeneity.
In the course of screening a population of pediatric patients with chronic lacticacidemia for observable defects in cultured skin fibroblasts, we found a number ofcell strains that exhibited low rates of l-_'4C]pyruvate oxidation to '4CO2 in the face of normal activity of the pyruvate dehydrogenase complex. In following up the etiology of this malfunction we have shown in a series of well-documented steps that three of these cell strains Skin fibroblast cultures. Human skin fibroblasts were grown from explants of forearm skin biopsies taken with informed parental consent and cultured in a-minimal essential medium supplemented with 10% fetal calf serum. It is a characteristic of the respiratory chain-deficient cell strains that cell death occurs very rapidly after the glucose in the culture medium has been used up. We therefore had to refeed the cultures at 5-d intervals to keep them growing. In the later investigations, when large numbers of cells had to be grown for isolation of mitochondria, the a-medium was supplemented with an additional 5 mM glucose to give a final concentration of 10.5 mM glucose in the culture medium.
Determination of lactate/pyruvate ratios. Confluent skin fibroblast cultures (I ing cell protein) were drained ofculture fluid and the medium replaced with a Krebs phosphate buffer (2 ml (29) . Rotenone-sensitive NADH-cytochrome c reductase was measured in sonicated mitochondrial preparations as described by Moreadith et al. (6) , except that sodium azide (5 mM) rather than cyanide was used to inhibit reoxidation of cytochrome c by cytochrome oxidase.
Cytochrome oxidase was determined in mitochondria by the methods described by DiMauro et al. (19) . Succinate cytochrome c reductase was measured by following the reduction of cytochrome c at 550 nm (30) .
Measurement ofATP synthesis infibroblast mitochondria and digitonin-treatedfibroblasts. The ability of fibroblast mitochondria to synthesize ATP was tested in two systems, one using isolated mitochondria prepared by the method of Millis and Pious (31) and the other using digitonin-treated fibroblasts (7) . In the latter procedure, confluent skin fibroblast cultures in 9-cm Petri dishes were drained of culture medium and the medium replaced by 1 ml ofa solution containing 0.25 M sucrose, 20 mM morpholinopropane sulphonate (MOPS), pH 7.4, and 0.8 mg/ml digitonin. 3 (32) . In the case of isolated mitochondria, 30 gg mitochondrial protein were added to 200 ul of no-substrate medium or substrate containing medium. Incubation was carried out for I h at 37°C, and 10 Ml 1.6 M perchloric acid added to stop the reaction. Again, after centrifugation to remove precipitated protein, the supernatants were assayed for ATP content.
Measurement ofoxygen consumption. We have found that a preparation of cultured skin fibroblasts, treated with low concentrations of digitonin to release cytoplasmic constituents, can be monitored with an oxygen electrode in an analogous fashion to a preparation of isolated mitochondria. To assess the respiration of individual cell strain mitochondria the procedure was carried out as follows: five Petri dishes of confluent fibroblasts (total protein S mg) were drained ofculture medium and incubated with I ml of a solution containing 0.25 M sucrose, 20 mM MOPS, 0.05 mg/ml digitonin, pH 7.4, for 5 min. At this time this solution was removed and replaced by I ml of a solution containing 0.25 M sucrose 20 mM MOPS 1 mM EDTA (SME medium). The permeabilized cells were then scraped off the dishes into the l-ml aliquots ofsucrose medium, centrifuged at 13,000 rpm in an Eppendorfmicrofuge for 1 min and the pellets combined and resuspended in 1.5 Confluent cultures of skin fibroblasts of the patients being studied were incubated for 1 h in glucose-free phosphate-buffered saline (PBS). Following a further 1-h incubation in PBS with 1 mM glucose, the accumulation oflactate and pyruvate was measured in the incubation medium. Control cells strains produced lactate at a rate of about 600 nmol/h per mg cell protein, and this increases somewhat in the presence of the respiratory inhibitor rotenone. Cell strains from the patients, while giving slightly but not significantly increased rates oflactate production, gave much lower rates of pyruvate production. The resulting lactate/pyruvate ratio in the medium for these patients were some three times greater than in control cell strains. Both the amounts oflactate and pyruvate produced and the ratio oflactate to pyruvate was normal in the pyruvate dehydrogenase deficient cell line. The respiratory inhibitor rotenone reduced the amount of pyruvate produced in a control cell strain and elevated the lactate/pyruvate ratio by a factor of five.
A TP production and oxygen consumption in mitochondria. Mitochondrial ATP production was assessed in two different preparations, firstly in digitonin-treated fibroblast preparations, and secondly in conventionally prepared mitochondrial preparations. In the digitonin-treated fibroblasts ATP production could be stimulated adequately in control cell strains by the addition of either pyruvate plus malate, isocitrate plus malate, succinate plus rotenone, or ascorbate plus N'N'NN' tetramethyl phenylene diamine (TMPD) (Table III) . In patients 1 and 2 ATP synthesis was not stimulated by pyruvate or isocitrate plus malate but was adequate for either succinate or ascorbate/ TMPD. In patient 3 ATP synthesis could be stimulated by all substrates, but at reduced rates compared with controls. The isolated mitochondrial preparations, because oftheir greater pu- Determinations were carried out as described in the Methods section.
Values are expressed as the mean±SEM with the number of determinations shown in parentheses. Assay of respiratory chain components. In order to obtain reproducible measurements ofthe respiratory chain components present in cultured skin fibroblast mitochondria, we found that it was necessary first to prepare isolated mitochondria by the protease digestion technique (31) . A suspension of purified mitochondria (0.3-0.5 mg protein) in 0.5 ml of a solution containing 2.5 M sucrose, 20 mM tris HCO (pH 7.4), 1 mM EDTA was made 10 mM with respect to Mg"+ and then sonicated to disrupt the mitochondria. 25-,gl aliquots ofthis preparation were used for the assay of NADH cytochrome c reductase (rotenonesensitive), succinate cytochrome c reductase, and cytochrome oxidase, as described in the Methods section (Table V) .
Rotenone-sensitive NADH-cytochrome c reductase was 14% of controls in mitochondria from patient 1 and 18% in patient 2, while patient 3 showed levels not significantly different from (7) 459±47 (8) 19±3 (4) 33.7±2 (4) 19±2 (3) 22±3 (3) 20±1 (4) 113±36 (4) nmol/h per mg digitoninfraction protein 49±5 (10) 51±8 (5) 44±10 (5) 29±2 (6) 45±7 (5) 28±2 (4) 162±20 (6) 142±29 (4) 149±27 (5) 34±4 (8) 42±1 (3) 78±5 (4) 1424 (4) 51±3 (3) 118±36 (4) 201±23 (4) 133±20 (4) 151±20 (4) 30±3 (6) 52±7 (3) 66±14 (4) 960±71 (8) 802±41 (4) 670±54 (3) 142±21 (4) 176± 16 (8) 176± 17 (3) 200±21 (3) 154±21 (7) 142±10 (4) 76±10 (4) 517±74 (4) 304±54 (4) 277±54 (3) 99±2 (4) 98±12 (4) 86±6 (4) 69±10 (3) 49±2 (3) Mitochondrial fractions prepared by either conventional or digitonin fractionation techniques were incubated as described in the Methods section with a buffer containing either no substrate, 5 mM pyruvate and I mM isocitrate and 0.1 mM malate, 5 mM succinate and 1 uM rotenone, or 2 mM ascorbate and 0.1 mM TMPD. After 1 h, perchloric acid extracts were prepared and ATP content was determined. Values are given for the mean±SEM, the number of determinations being given in parentheses. (5) 5.7±1.7 (5) Mitochondria prepared by digitonin fractionation were added to the chamber of a Clark oxygen electrode in a sucrose buffer and the oxygen consumption measured as described in the Methods section. For each substrate, the rate was measured in the absence of added ADP (state 4), in the presence of ADP (state 3), or in the presence of 0.1 mM dinitrophenol. The three substrate categories used were: 5 mM glutamate with 1 mM malate, 5 mM succinate with I uM rotenone, and 2 mM ascorbate with 0.2 mM TMPD. Values are given as the mean±SEM, the number of determinations being given in parentheses.
normal. Succinate cytochrome c reductase had normal activity in patients 1 and 2, but was 54.3% of normal in patient 3. Cytochrome oxidase was 181% of the control values in patient 1, 108% in patient 2, and 15.2% in patient 3.
Discussion
The initial observation that cell strains with low I-('4C]pyruvate oxidation rates and normal activities of the pyruvate dehydrogenase complex had an abnormal lactate/pyruvate (L/P) ratio gave the first indication that a respiratory chain defect might be operative. Cells with a pyruvate dehydrogenase or pyruvate carboxylase defect do not haye this type of abnormality. The increased L/P ratio is a reflection ofthe redox state ofthe cytosolic compartment (34) , such that an L/P ratio of 25 indicates an NAD/NADH ratio of 360:1 and an L/P ratio of 75 indicates an NAD/NADH ratio of 120:1. This more reduced cytosolic redox state could have in these cases been due to a defect in the system that transports reducing equivalents into the mitochondria (35) or to a defect in the oxidation of intramitochondrial NADH. In this latter case there would have been a decreased intramitochondrial NAD/NADH ratio that by equilibrium would be reflected in a more reduced cytosolic redox state. The clinical presentation of patients with muscle cytochrome oxidase deficiency is again heterogenous. Many of the patients have lacticacidemia, but the age of onset of problems divides the patients into two groups, with presentation either in childhood or in infancy. One group with onset in infancy has Fanconi syndrome (15) (16) (17) (18) 20) . Others with an early onset have a combination of growth retardation and neurological problems (13, 14, 19, 22) . The initial presenting features of our patient 3 of lacticacidemia and micropenis have been'added to now by a continuing delayed physical and neurological development. This does not seem to fit exactly with any described cases in the literature, but might have been similar to the group with growth retardation and neurological problems (above). Cytochrome oxidase again is an enzyme complex with 13 subunit polypeptides, three of which are encoded by the mitochondrial genome. Deficiencies in the complex are obviously going to be heterogenous and in the absence of any evidence maternal transmission will be in the nucleus-encoded polypeptides (38) . Since the three mitochondrially encoded proteins are the actual catalytic subunits of the complex which carry out the electron transport function (38) , it will be interesting to find out exactly how a defect in one of the regulatory proteins can reduce the activity to 20% of normal.
